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This study investigates the pozzolanic potential of industrial waste, which fails to meet the chemical composition as defined by the
various international standards, e.g., IS: 3812 (Part 1): 2017 and ASTM C618-19 to adopt as a supplementary cementitious
material. The effects of mechanical nanoprocessing on pozzolanic reaction efficiency, impact on energy efficiency, and con-
struction affordability were studied. The result of mechanical milling shows the improvement in pozzolanicity, and the
physicomechanical characteristics of novel concrete incorporated with identified industrial waste are comparable with control
concrete. The building energy simulation was carried out using the BIM software for the house, modelled with controlled concrete,
and novel concrete incorporating the identified milled industrial waste. The peak cooling load and building material cost of a novel
concrete model house were 34% and 9.09% less than the conventional concrete. The study reveals that the chemical charac-
terization provided in international standards shall not be the only criteria to decide the suitability of the materials to use as
supplementary cementitious material, whereas the same can be examined and improved through various treatments, and
mechanical nanoprocessing may be one of the best options. Cement production and utilization affect the environment. To reduce
the concern, pozzolanic investigation of industrial waste is necessary, which can address the issue of uncontrolled extraction of
natural resources, emission, disposal, and pollution globally.

1. Introduction

Industrialization in developing countries has resulted in the
consequent accumulation of unmanageable industrial
wastes and greenhouse gases (GHGs). Asia produces 4.4
billion tons of solid waste every year [1]. As per the United
Nations Environment Programme (UNEP) report, 86 billion
tons of carbon dioxide are emitted by global buildings
annually [2]. Presently, India alone generates about 290
million tons (MT) of inorganic wastes [3] and 76.4 MT of
CO, [4] per year from various cement manufacturing in-
dustries. Normally, 0.9 ton and 0.1 ton of CO, are released
into the environment during the manufacturing of 1 ton of
cement and 1 ton of concrete, respectively [5, 6]. Cement
production (~550 MT by 2020-21) [7]and consumption in

India have increased multifold in the last few decades [8].
The exponential production and consumption of cement
and cement products creating a huge environmental burden
with the exploitation of natural resources are becoming a
global issue [9]. The application of limestone during the
clinkering process results in a significant amount of emis-
sions (5-6% of total greenhouse gas emissions) [10-12] by
consuming a huge amount of nonrenewable resources
[7, 13]. Around 350 to 540 kg of raw slag is generated, from
the per ton production of liquid iron and steel [14, 15], and
around 24 MT of slag is generated every year in India [16].
The state-wise annual production of steel and iron slag in
India is shown in Figure 1.

In the twenty-first century, nanotechnology was a highly
adopted technology for research and development in
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FiGUre 1: Production of GBES in FY 2018-19 of India [17, 18].
TaBLE 1: Model details used in the study performance analysis.
Reference Model Size (‘)‘f u”mt in Areas in Wal_l tl:l(ldiness The material used for Code of reference
m Sqm in “m the study
Single Papermill waste
S.P. Raut et al. [26] room 1x1 1 0.11 (PMW)
M.V. Madurwar et al. ~ Single 1x1 1 013 Sugar cane bagasse ash
[27] room ’ (SCBA)
R. Chippagiri et al. Single 3%3 9 0l Co-fired blended ash SP-7-2016 (National Building
[21] room ’ (CBA) Code—NBC)
R. Ralegaonkar et al. 1 BHK . 0.15 Ext. .
28, 29] _GF Typical 27 010 Int. Bio-fuel ash (BFA)
. 1BHK . 0.15 Ext. Co-fired blended ash
H. Gavali et al. [30, 31] _GFE Typical 27.5 011 Int (CBA)

Note. GF—ground floor, Ext—external wall, Int—internal wall.

construction worldwide [19]. The nanoparticles/nano-
composites have attracted considerable attention as
structural materials, because of their low density, high
specific modulus, strength, and resistance to wear and
corrosion [20]. However, the application of nanotechnol-
ogy in the development of alternate construction materials
needs to be studied in detail. Similarly, energy analysis and
cost-effectiveness are also required to be studied for the
building energy simulation of alternate nanomaterials [21].
Building information modelling (BIM) is an effective
simulation tool that can undertake these parameters [22].
BIM enables the user to create a virtual model to simulate
the planning, design, construction, and operational facility
in the building [23]. BIM results are object-oriented, in-
telligent, and provide the digital data of building facilities,
generating information on thermal and functional per-
formance, which help to improve the decision and process
of establishing the facilities [24, 25]. BIM regulates the life

cycle cost, design, construction, and operational cost of a
project [15-17].

Many researchers investigated the thermal performance
and embodied energy of building components using the
BIM software tool (Revit 2019). The thermal performance of
various construction materials developed incorporating
industrial wastes was investigated by various researchers
using Revit 2019 and is tabulated in Table 1.

Now, there is a need of an hour to find sustainable al-
ternatives to primary binding material (cement) from the
enormous available industrial rejects. However, such studies
have limitations on the obtained oxide compositions, the
particle size of waste material, and their suitability as SCM in
accordance with BIS 3812 (Part 1): 2017 [32]. The pozzolanic
material not only helps to decrease the burden on natural
resources but also encourages to decrease the carbon emission
of cement and concrete production. The pozzolanic efficiency
of unsuitable industrial waste (as per IS 3812 (Part 1): 2017)
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FIGURE 2: Flow diagram for the methodology adopted for the experimental work.

(b

FiGURE 3: Identified industrial waste GBES before and after milling: (a) as-received GBFS and (b) milled GBFS.

was examined after nanoprocessing, i.e., mechanical milling
from high-energy ball mill. Introducing the nanotechnology
for material milling was found to be an effective treatment to
make industrial waste suitable to use as a SCM. In addition to
that, the energy efficiency and cost of effectiveness of pro-
totype model were analysed using BIM tool.

2. Materials and Methods

The investigation process is depicted in Figure 2, which
explains the step-by-step methodology used in this study. An
industrial waste was identified, which was easily available in

and around the study area. Further, the properties of raw
materials were identified using the physicochemical and
physicomechanical tests and the suitability was checked to
use a SCM/pozzolana. If the material fails to meet the criteria
to use as a pozzolana, then it must be suitably treated with
the best economical option. In this study, mechanical milling
treatment was adopted where the material was ground to
nanoscale. Subsequently, the properties of milled samples
were again tested for pozzolanic efficiency. The treated
material with improved pozzolanic efficiency was used for
the product development, and later, the performance and
affordability of building developed with various building



applications incorporating the treated milled material were
analysed using BIM tool.

2.1. Materials Used. Granulated blast furnace slag (GBFS),
an industrial waste, was considered as the principal raw
material for the study, which was collected from the iron and
steel industry available in and around the research area
(Nagpur, Maharashtra, India). OPC 53 grade cement con-
forming to IS: 12269-2013 [33] was used as a primary binder
for laboratory trials. Locally available river sand and crushed
stone conforming to IS: 383-2002 [34] were used as fine and
coarse aggregates. To perform pozzolanicity tests, necessary
chemicals such as saturated calcium hydroxide (Ca(OH),)
solution, calcium oxide (CaO), distilled water, phenol-
phthalein indicator, the concentrated and 0.1 N hydrochloric
acids (HCl), concentrated nitric acid (HNOs3), concentrated
sulfuric acid (H,SO,), hydrofluoric acid (HF), and Whatman
filter paper no. 40 were used.

2.2. Methodology Adopted. To pulverize the principal raw
material to the nanoscale, a high-energy planetary ball mill
(Fritsch Pulverisette P5) was used. Milling was optimized
using differential time duration of 10, 30, and 90 minutes,
i.e., GBFS 10, GBFS 30, and GBFS 90. Figure 3 represents the
proposed raw materials, i.e., GBFS, before and after milling.
The physical characterization of the material was carried out
as per IS 1727-2004 [35]. The physical properties such as
specific gravity, bulk density, and setting time of GBFS were

Pozzolanic Activity Index (PAI) =

Compressive Strength of Composition block
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tested as per the relevant Indian standards. The nano-
structure analysis of identified material was evaluated by
particle size distribution (PSD) [36, 37], scanning electron
microscopy (SEM) [38, 39], X-ray diffraction (XRD) [40, 41],
and X-ray fluorescence (XRF). Grading of mechanically
treated ultrafine ground fraction raw materials (granulo-
metric analysis) was performed using a laser particle size
analyser [42]. The liquid media was used to conduct the
analysis [43]. The ultrasonic frequency was 80 Hz, and the
pump speed was 600 rpm. After 10-12 minutes, particle size
was assessed. Surface morphology and particle size resem-
blance of the samples were inspected using the Scanning
Electron Micro-Probe Analyzer-JEOL, JAPAN JXA-840. The
chemical oxide compositions and loss of ignition (LOI) were
evaluated using PANalytical “PW2403 MagiX” XRF tech-
nique. Xpert-PRO X-ray diffractometer system was used to
analyse the mineral phases of raw and milled material.

Pozzolanicity of principal raw material before and after
milling was carried out using various pozzolanicity methods:
(i) pozzolanic activity index [44-47], (ii) electrical con-
ductivity [48-50], and (iii) Chapelle activity [44, 51-54].
Pozzolanic activity index (PAI) was evaluated as per the
procedure provided in IS 2250:1981. The sample blocks were
prepared by replacing 35% (by volume) of OPC with the
selected industrial rejects, i.e., GBFS. Pozzolana activity
index was calculated in percentage ratio of 28 days of
compressive strength of GBES to the compressive strength of
control mortar block [45, 46, 55].

An electrical conductivity test is conducted to study the
pozzolanicity of supplementary cementitious materials
(SCMs). The sample was prepared using the identified
material and calcium hydroxide solution. The water and
sample solution was used to find the conductivity of ions
present in the material [55, 56]. The Chapelle activity test was
performed to determine the fixed CaOH by taking the so-
lution of grounded material in water with CaO and titrating
the same with HCL and using phenolphthalein solution as
an indicator [54, 55, 57].

[(V, =V;) x 74 x 1000
V, %56

CA=2 , (2)

where V| is the volume of HCL consumed for titrating
solution without pozzolana. V, is the volume of HCL
consumed for titrating solution containing pozzolana. The
suitable building application was developed as an end
product using milled GBFS samples and compared over the
conventional building application of the same grade for
energy efliciency using the BIM simulation tool.

Compressive Strength of Control block

(1)

3. Model Development

After the micro-analysis of identified material, the pozzo-
lanic performance of mechanically milled material was
evaluated to check the sustainability of materials and
treatment process. On suitability of materials, a novel
construction concrete building application was cast incor-
porating the mechanically milled (treated) industrial waste,
and later, a model house was simulated in BIM software for
conventional and novel concrete elements to study the
energy efficiency and affordability.

BIM tool is used for 3D design and modelling, which helps
in forecasting the building design, assembly of elements, and
work progress [40, 41]. A single-storey residential building was
selected for BIM model. The project was situated in Indore,
Madhya Pradesh, under the lightweight housing scheme of
Global Housing Technology Challenge (GHTC), Government
of India. The project aims to provide a sustainable technology
solution for faster and cost-effective construction suitable for
the geo-climatic zones and hazardous conditions.
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Figure 4 shows the 2D plan of building, and Autodesk
AutoCAD 2019 version was used to draw the plan. The plan of
a single dwelling unit has an area of 29.92 m”. The carpet area
was also approved by the GHTC, India [58]. The prototype
model of the same project was analysed for the study area,
Nagpur, Maharashtra, India (latitude 21.1311°N and longi-
tude 79.0511°E). The residential building mainly consists of
three rooms, i.e., living room, a bedroom, and a kitchen with a
small passage and toilet. Clear 3m height of the unit was
considered. The thickness of the exterior and internal walls
was considered 150 mm and 100mm, respectively. Three
windows, W1, W2, and W3 of sizes 1.5 mx 1.2m, Im x 1.2 m,
and 0.8 m x 1.2 m, respectively, were provided. The doors D1,
D2, D3, and D3A of size 1.2mx21lm, Imx2lm,
0.75m x 2.1 m, and 0.9 m x 2.1 m, respectively, were provided
in the building. For the base case, the model developed with
elements of conventional concrete was considered, whereas
the alternate model developed with building application of the
same grade incorporating milled GBFS was considered for
comparative analysis. The peak cooling load demand was
calculated for both the models. The temperature range of
18-28°C for the climate zone of Nagpur (21.1311°N-
79.0511°E) was set as per the SP 41 (BIS-1987) [59]. Each room
of the building was analysed for the design cooling load using
the building information modelling tool (BIM) that is the
Revit Architecture 2019 Student Version [60]. Two separate
models were simulated for analysis where the walls, floor, and
slab of the building were considered with the properties of
respective materials.

4. Results and Discussion

The results of the tests performed on as-received and me-
chanical-processed industrial waste are discussed as follows.

4.1. Physical Properties. The results of the physical charac-
terization are shown in Table 2. From the test results, it was
observed that the specific gravity of industrial waste before
and after milling remains unchanged and was found lower
than the specific gravity of cement; hence, it was expected
that the building material incorporating these wastes will be
lighter in weight. The density of material was determined
before and after milling; there was no discernible difference
observed in the density of GBFS after milling. The initial
setting time of the proposed industrial waste was higher than
the cement, whereas the final setting time is lower than the
cement, which is further diminished significantly on milling.
The surface area of industrial waste increases exponentially
on milling. The negligible evidence of soundness and
shrinkage percentage was noticed before and after milling;
hence, it can be recommended for suitable building appli-
cations. Milled GBFS showed considerable improvement in
lime reactivity.

In Table 3, characteristics of before (0min) and after
milled (90 min) GBES are displayed according to the criteria
mentioned in Table 2 of BIS 3812 (Part 1): 2017. The
comparative study was carried out on basis of fineness: wet

sieving, lime reactivity strength, 28 days of compressive
strength, and soundness of material. 126% improvement in
fineness was noticed after milling the sample than that of the
before milled sample and meeting the requirement of BIS.
Particles retained on 45 micron IS sieve using the wet sieving
method before and after milling show the result of 24% and
100%, respectively, whereas the minimum requirement is
34%. The improvement in fineness must be the result of the
mechanical nanoprocessing. The lime reactivity of milled
samples improves significantly after mechanical milling and
achieved 85% more strength than the BIS, i.e., IS 3812 (Part
1): 2017. The compressive strength of milled samples was
increased by more than 100%. The observed improvement is
due to the particle packing and well compaction of nano-
particles. Negligible soundness was observed before and
after milling, which shows the suitability to mix the material
in principle binding material cement for various building
applications/products.

4.2. X-Ray Fluorescence (XRF). Table 4 shows the chemical
composition of the proposed industrial waste. It was ob-
served that the milling treatment had no discernible influ-
ence on the chemical compositions and LOI values of the
materials.

The amorphous (% reactive) silica plays a major role in
the pozzolanic activity of the materials as per the provisions
prescribed by BIS 3812 (Part 1): 2017. From the obtained
results of XRF, it was observed that the industrial waste, i.e.,
GBFS, fails to meet the criteria mentioned in Table 1, BIS
3812 (Part 1): 2017, and hence, it is not suitable for the use as
supplementary cementitious material even though the LOI is
within the acceptable range as prescribed by the same BIS.
The criteria given in BIS for the combined percentage of Al,
Si, and Fe were also not satisfied by the GBFS milled sample.

4.3. X-Ray Diffraction (XRD). Figure 5 shows X-ray dif-
fraction analysis of as-received and milled samples of GBES.
The graph was plotted diffraction angle (20) versus intensity
count, where the diffraction angle was stated from 10-degree
angle and raised up to 70° on x-axis. The intensity of peaks
for as-received sample and optimized milled sample (90 min
grinding duration) was started from 140 counts and 150
counts, respectively, and this shows that the GBFS absorbed
the energy on milling. Graphs A and B show the XRD phase
of as-received and milled GBFS. The flattered hump between
20° and 35° diffraction angle and intensity depicts the
amorphous phase of an as-received and milled sample of
GBES. There is no significant change observed in the XRD
phase before and after milling of GBFS. Hence, as-received
and milled GBFS was expected to participate in hydration
reaction due to the presence of amorphous silica.

4.4. Scanning Electron Microscopy (SEM). Figure 6 shows the
surface morphology and particle size resemblance measured
by scanning electron microscopy (SEM). The image shows
the particle agglomeration after the high-energy milling



process, even after individual particle size reached the
nanoscale range. The particle size increased due to the ag-
glomeration was highlighted in yellow circle, which shows
the deposition of more than one particle. This agglomeration
temporary occurs because of the van der Waals force of
attraction, in which particle is obtained after high-energy
milling. Therefore, the values after final milling, i.e., 30 min
and 90 min of material, show the enlargement in size of
particles. GBFS was milled for 90 minutes and resulted in
particles of sizes ranging from 50 to 600 nm, respectively.

4.5. Laser Particle Size Analysis. Figure 7 represents the laser
particle size distribution of proposed industrial rejects. The
size of particle scales on Do (10% particles passing), Ds,
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FIGURE 4: AutoCAD 2D plan for single dwelling unit.
TabLE 2: Physical characterization of GBFS. (average passing), and Dy, (90% particles passing) is
GBFES depicted in Table 5, respectively. The as-received sample
Characterization Cement A ved Milled Remarks was milled for 10, 30, and 90 minutes in a high-energy
- - s-receive e planetary mill to bring it to nanolevel. Insignificant vari-
SDPeCI,ﬁC glza‘/’lt}; 13413% 125%?) 124’;3(') - ation in the particle size was observed after milling for 10 to
Inigzllt)sle(ttignm(r)nin) 30 10 35 _ 30 min of duration. The average particle size of as-received
. 108 sample was observed to be 331 nm on 10 min of milling and
Final setting (min) 600 430 355 — .
pH 8.00 8.90 915 _ the sample size was observed to be 344 nm, whereas on
Soundness (%) 4.50 ~0.0016  -0.01 Negligible 30 min of milling the sample size was observed to be 328
Dry shrinkage (%) _ -0.043  -0.062 Negligible nm; this may be due to the surface charge increments in

particles. After that, a large reduction in the particle size
was observed for a milling duration of 90 min. The D5, of
agglomerated GBFS (i.e., GBFS-WM) shifted to 384 nm
from 331 nm on 90 min of milling. It was observed that the
enlarged surface area after milling is due to van der Waals
force of attraction or surface charge, in which particles
acquire after milling. Therefore, the values of the final
grinding, i.e., 90 min of GBFS, show the increment in size of
particle, which is reflected in Table 5.

4.6. Pozzolanic Activity Tests. From the proposed industrial
waste, the results obtained for GBFS are contradictory. As
per the requirement of BIS 3812 (Part 1): 2017, the material
may not be suitable to be used as SCM, whereas the XRD
pattern and lime reactivity of the sample emphasize the
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TaBLE 3: Physical characterization of GBFS with respect to IS 3812(P1)-2013.

GBFS
IS\;') Characteristics BM AM Requirements as IS 3812(P1)-2017
' 0 min 90 min
. . . 2 . >

1 Fineness—specific s.grface in m /kg by Blaine’s 153< 347> 320

permeability method, min
) Particles rgta}ned on 45 micron IS sieve (wet 3¢ 0< 34

sieving) in percent 1), max
3 Lime reactwlty—average2compress1ve strength in 383< 831> 45

N/mm~, min
4 Compressive strength at 28 days in N/mm? min 76< 100> Not less than 80 percent of the strength of corresponding
plain cement mortar cubes

5 Soundness by autoclave test—expansion of Z0.0016< —0.01< 0.8

specimen in percent, max

Requirement as per Table 2 of IS 3812: 2017 Clause Nos. 5.1 and 7.1.

TaBLE 4: XRF analysis of before and after milled samples.

Sample ID/composition GBFS -WM GBFS-10 GBFS-30 GBFS-90 OPC cement IS 3812: 2013
Na,O 0.38 0.2 0.2 0.2 — 1.5 max
MgO 7.61 8.0 8.45 8.5 3.4 5 max
ALO; 12.24 12.76 13.69 14.67 5.5 —
SiO, 31.76 31.63 31.71 32.11 251 35 min
P,Os 0.01 0.01 0.01 0.01 — —
SO; 1.75 1.76 1.73 1.69 2.7 3 max
K,O 0.6 0.61 0.65 0.69 0.5 —
CaO 43.36 42.31 41.85 40.75 55 —
TiO, 0.52 0.53 0.53 0.51 — —
MnO, 0.29 0.03 0.3 0.32 — —
Fe,0; 0.46 0.61 0.41 0.40 5.9 —
LOI 0.68 1.26 0.19 0.15 0.9 5 Max
Al+Si+Fe 44.46 45 45.81 46.18 36.5 70 min
T T T T 700 T T T T T T T
600 -
1 600 1 i
500 y | W |
It ]
£ 400 4 [ = b ]
2 ;o 2 i
= ¥ h 12 4004 I}
£ 300 “I‘.'lf \ z |
T TH 2 ool / A Ml '
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industrial wastes to be considered as SCM. The pozzolanicity
tests were performed before and after milled material to
study the effect of mechanical processing on pozzolanic

properties.

—— BM-GBFS

Diffraction angle (26)

()

Diffraction angle (26)
—— GBFS 90
(b)

FiGure 5: X-ray diffraction of GBFS (a and b).

4.6.1.  Pozzolanic  Activity  Index  (PAI)—Strength
Determination. The observed compressive strength and the
trends of compositions established with the effect of milling
are shown in Table 6 and regression patterns as shown in
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FIGURE 6: SEM micrographs of post-milled raw materials. GBFS 100-600 nm particle size.

TaBLE 5: Particle GBFS size.

Sample ID Time (min) D10 D50 D90 Surface area of the particles in (mZ/kg)
0* 248 331 453 153
10 257 344 474 186

GBFA 30 249 328 445 254
920 288 384 526 347

*As-received material is denoted by the zero minutes (0 min).

100

Passing %

200 400 600 800 1000

Particle Diameter (nm)

—— GBFS-WM
—— GBFS-10
—a— GBFS-90
—e— GBFS-30

FIGURE 7: Particle size analysis of GBFS.



Advances in Civil Engineering

TABLE 6: Test results of all materials.

PAI (%) Electrical conductivity (4S/cm) Chapelle activity (mg Ca(OH),/g sample)
Millin m
Samples & i 8 i
P duration % Remarks EC ECO n Remarks Ca(OH),/g Clz m Remarks
. drop % %
(minute) sample)
Control — 100 - 588 — — — — —
mortar
WM 76.5 >75% of controlled 4.63 78.74 245.85 37.25
compressive >1.2 hence good Pozzolanicity improved
10 80.37  strength. Hence 5.072 86.26 pozzolanic 430.23 65.19 on mechanical milling
GBFA satisfied (pozzolanicity and satisfies the
30 86.6 Pozzolanicity 5.02 8537 improved on 553.16 83.81 requirement on 90 min
90 100 1mpr9ved ON 597 8668 mechanical milling) 799 121.06 of milling
mechanical milling
Standard — ASTM-C311 [61] >1.2 (Lexan-1989) >660 (NF P18-513)

Figure 8. The graph was plotted for milling duration (in
minutes) versus pozzolana activity index of GBFS (in %).
The significant improvement was observed in PAI results of
after milled samples as compared to as-received sample. The
trend of the linear line shows the high regression value, i.e.,
0.92. It can be explained as an effect of mechanical sup-
plementary fillers; as the fineness increases, the surface area
of the matrix also increases, thereby enhancing the for-
mation of intermolecular compounds. Nanoprocessed
amorphous silica further leads to the formation of secondary
C-S-H compounds. The PAI method was adopted as
specified in Brazilian standard NBR 12653:1990 for the
pozzolanic material testing. The R* values obtained from the
regression (Figure 8) show the significant improvement in
the pozzolanic rate of reaction in GBFS on milling.

4.6.2. Electrical Conductivity Test (ECT). To evaluate and
ensure the material’s pozzolanic reactivity, an electrical
conductivity test was also performed. The electrical con-
ductivity of saturated Ca(OH), at 40 +1° temperature was
7.98 mS/cm noticed. The concentration of calcium and
hydroxyl ion reduces with time, which could be noticed from
the decrement in conductivity values of GBFS solution. The
results reveal the reaction between the silica present in GBFS
and the Ca(OH), standard solution, which formed the C-S-
H gel. The R* value obtained from the regression (Figure 9)
for GBFS was 0.96, which shows the significant improve-
ment in pozzolanic rate of reaction due to mechanical
milling.

4.6.3. Chapelle Activity Test. Chapelle activity is carried out
to evaluate the consumed Ca(OH), in the pozzolanic re-
action. Pozzolanic material is added to the hydrated cement
paste, so that silica reacts with the Ca(OH), to produce
secondary C-S-H gel [43]. The larger surface area of poz-
zolanic material increases the rate of pozzolanic reaction,
and the amount of reaction produces secondary C-S-H gel.

Figure 10 shows the trend of the Chapelle activity for
GBFS. A significant increase in the consumed Ca(OH), was
observed due to the milling treatment for all the samples. The
best results were fitted in the linear mathematical model. The
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FIGURE 8: Pozzolanic activity index of GBFS.
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FIGURE 9: Electrical conductivity of GBFS for different grinding
times.

R? value obtained for GBES is 0.983. The observed regression
model was significant and effective, as the R* value was close
to 1, whereas, from Table 6, it was observed that the Chapelle
activity of GBFS was better than the standard values. Chapelle
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FIGURE 10: Chapelle activity of GBFS.
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activity values should be greater than 660 mg Ca(OH), per
gram of sample as recommended in NF P18-513.

5. Performance and Affordability Evaluation

A comparative study carried out by Azhar et al. [24] for
analysis of building performance revealed that the virtual
environment is the most powerful and versatile software
tool followed by Ecotect and Green Building Studios.
Shoubi et al. [60] used Revit Architecture and Ecotech for
energy analysis of building having an area of 400 m* two-
storey unit where the composite material was proposed

for saving operations energy of buildings. Gavali et al.
[28, 29, 61] simulated a single-storey load-bearing model
in Nagpur, India. The products were developed incor-
porating the co-fired blended ash (CBA) and fly ash
bricks. The analysis was carried out using Revit Archi-
tecture BIM tool. The analysis concluded that deploying
CBA bricks in construction would potentially lower the
cost and energy of the building in comparison with fly ash
brick. The above discussion emphasized and justified the
use of the BIM tool for assessing the thermal performance,
energy analysis, and affordability of buildings [64].
Hence, the Revit Architecture 2019 (Student Version)
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TaBLE 7: Comparative study of material along with thermal properties.

Material ID Density Thermal conductivity ~ Peak cooling load Embodied energy (EE) Cost/cum (material cost)
kg/m’ (W/m-k) MJ (% in Lac)

GBFS 2475 (<0.8%) 0.92 (<34.3%) 17929 (<34%) 24116 (<26.72%) 2.30 (<9.09%) (US$-3052.30)

OPC concrete  2495(100%) 1.40 (100%) 27089(100%) 32908 (100%) 2.53 (100%) (US$-3357.53)

Reference IS 9489 (1980) HVAC report (2011) Local market rate

simulation tool was used for energy analysis and af-
fordability study.

Models were simulated for a design mix of M30 grade
concrete. The base model was considered with conventional
concrete using OPC 53, and the alternate model was with
replacing the 30% of OPC by milled GBEFS industrial waste.
The model is shown in Figure 11. The concrete made up of
industrial waste was tested for physicomechanical properties
after 28 days of wet curing. The physicomechanical prop-
erties show the desirable results over the conventional
concrete. The density of concrete made from GBEFS was
noticed as 0.8% lower than control concrete, and this shall be
due to the decreased specific gravity of GBFS (10%) when
compared with OPC. To evaluate the energy analysis of the
models, the thermal conductivity of GBFS concrete was
examined as per the IS 9489:2017 [62]. The thermal con-
ductivity of GBFS concrete is observed 34.3% lower than
control concrete of the same grade.

For building simulation, the product properties need to
be incorporated into the BIM software such as thermal
conductivity and density. The simulation resulted in space
heating and cooling load inside the dwelling unit, where the
peak cooling load was estimated for the individual model.
All elements of the dwelling unit were considered with the
same material properties for slab, floor, and walls. The peak
cooling load of GBFS model was found 34% lower than the
base model cast with control concrete. The significant
change was noticed in the results of the functional analysis
of GBES over control concrete. Also, a noticeable variation
was observed in the affordability analysis. BIM software
revealed that the total concrete volume for the single-family
unit is 11.42 m>. The cost of concrete ingredients was based
on current and prevailing market rates near the research
area. The energy cost of mechanical milling was considered
in case of concrete applications incorporating industrial
waste. The mechanical milling of industrial waste requires
an energy of 0.0043 MJ/kg. The cost of transportation,
labour, and equipment in both the cases are location-
specific and equivalent hence not considered for cost
analysis. The BIM models show that the cost of GBFS
concrete is 9.09% lower than the cost of control concrete.
Table 7 shows the comparative study of material along with
thermal properties.

6. Conclusions

The aim of this work was to compare the operational energy
of a building developed with novel materials incorporating
nanoprocessed industrial waste, which was unsuitable to use
as SCM over the conventional material. In the first part of
this study, the pozzolanic performance is evaluated of

nanoprocessed industrial waste where the appropriate direct
and indirect pozzolanicity tests are used. The results ob-
tained from the tests show that the treatment has a potential
to make non-SCM to active mineral admixture.

The mechanical milling of GBFS for the optimized
duration of 90 minutes, respectively, reduces the particle size
of GBFS up to nanolevel, which increases the surface area of
the material by 226% with a subsequent increase in the
pozzolanic rate of reaction. SEM showed an increase in
particle size of identified industrial waste in mechanical
milling due to the phenomenon of agglomeration. GBFS
meets the requirements of SCM as per the IS 3812: 2013
except for silica percentage. The pozzolanic performance was
evaluated from the obtained results of the pozzolanic activity
index (PAI), Chapelle activity (CA), and electrical con-
ductivity (EC). The GBFS PAI meets the strength require-
ments at optimized duration. The results of the Chapelle
activity showed that the amount of Ca(OH), consumed in
milled GBFS is 224.99% as compared to as-received GBFS.
The milled GBFS sample showed the better pozzolanic
performance by 21% compared with the criteria mentioned
in NFP 18-513.

The identified materials (GBFS) showed a significant
electrical conductivity drop when tested for pozzolanicity.
The electrical conductivity drops for milled GBES increased
by 10% compared with as-received sample. The linear re-
gression models of the pozzolanic activities and milling
duration were established. The R? values of PAI, CA, and EC
test of GBFS have a range of 0.70-0.99 for all pozzolana tests.
The ultrafine particles of GBES significantly improve poz-
zolanicity. This could lead to the maximum replacement of
cement in concrete production. Ultimately, it will reduce
greenhouse gas emissions and will help the cement industry
to become more sustainable. Furthermore, it will provide the
solution to the problem of waste disposal and pollution.

In the second part, BIM tool was used to develop the
simulation model and evaluate the energy performance and
cost analysis of material. The BIM tool evaluated the op-
erational peak cooling and heating load of material after
simulation. The main sources of energy efficiency of building
were external walls, windows, and doors, which are foist
heating and cooling load on structure. BIM tool offers the
opportunity to connect all particulars of building to measure
operational energy consumption, cost of building compo-
nents with treated material, etc. This method can be adopted
for any building to calculate the load on elements of
structure by selecting the alternative material, which reduced
the energy consumption and environmental impact.

The critical analysis result shows the performance study
of Industrial rejects GBFS consisting of low thermal con-
ductivity as compared to control concrete. The peak cooling
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load of GBFS model was 34% lower than control concrete,
reducing the significant energy consumption of the building.
Using industrial waste, the cost of construction was reduced
by 9% to conventional building cost, and it was observed that
the GBFS can give a more effective solution as a sustainable
and economical material. This study encourages the utili-
zation of BIM tool to analyse the innovative materials for the
energy consumption, life cycle analysis, and time cost
analysis for the future studies.

The overall results reveals that the mechanical milling
may not improve the chemical characteristics of material,
but it can enhance the pozzolanicity and physical properties
of wastes. Therefore, such milled industrial wastes can be a
promising material for the concrete manufacturing after
designing a mix and trials. This material can also be adopted
as the alternative of cement, which can reduce the carbon
footprints and energy emission and prove the affordable
materials for the future construction industry.
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Data Availability

Data statements will be made available whenever required.

Additional Points

(i) Mechanical milling was used for nanoscaling of identified
industrial waste. (ii) The pozzolanic properties of industrial
waste were improved through nanoscaling. (iii) The building
energy simulation was studied using the BIM tool. (iv) Peak
cooling load and building cost is 34% and 9.09% lower than
conventional ones.

Disclosure

Statement of Novelty. In this research, an industrial waste
that fails to meet the pozzolanic criteria, as per the BIS 3812
(Part 1): 2017 and ASTM C618-19, was selected. The poz-
zolanicity results were validated and statistically established
through various available pozzolanicity test methods and
microstructure analyses. Also, a holistic approach is adopted
by assessing the energy and cost efficiency of modelled
building unit developed by incorporating treated industrial
waste over the conventional through building information
modelling (BIM) tool. This shall lead to a new pathway to
utilize the industrial rejects as a partial replacement of the
cement in construction industry, which will reduce the
carbon emission of cement industry.
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